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The mismatch repair system is the m^jor barrier 
to genetic recombination during interspecific sexual 
conjugation In prokaryotes. The existence of this anti- 
recombination activity has implications for theories or 
evolution and the isolation of species. To determine if 
this phenomenon occurs in eukaryotes, the effect of a 
deficiency of mismatch repair on the meiotic sterility 
of an interspecific hybrid of Saccharomyces cerevisiae 
and the closely related species Saccharomyces para- 
doxus was examined. The results demonstrate that 
the rare viable spores from these hybrids have high 
frequencies of aneuploidy and low frequencies of 
genetic exchange. Hybrids lacking the mismatch repair 
genes PMS1 or MSH2 display increased meiotic 
' recombination, decreased chromosome non-disjunction 
and improved spore viability. These observations are 
, consistent with the proposal that the mismatch repair 
system is; an element of the genetic barrier between 
eukaryotic species. We suggest that an anti-recombina- 
tion activity during meiosis contributes Upwards the 
establishment of post-zygotic species barriers. 
Keywords: meiosisMiirmatch repair/rion^iisjiinction/recorn- ; 
binationVspeciatiori ^ : ^ 




{Introduction ]<:'/':'/■'■: 

. Genetic recombinatioij is dependent oh the formation 
of a hear-perfectly paired heteroduplex joint molecule 
containing complementary strands from two homologous 
DNA duplexes. Reduced homology between substrate 
molecules decreases the efficiency of combination. A 
striking example of this can be seen during interspecific 
crosses between Escherichia coli and Salmonella typhy- 
murium (Rayssiguier et a/., 1989). The genomes of these 
two bacterial species are diverged by -16%. At this level 
of heterology, the frequency of recombination during 
conjugational crosses is reduced by up to five orders of 
magnitude, relative to intraspecific crosses. The barrier to 
recombination is largely dependent on the activity of the 
mismatch repair system (Rayssiguier et a/., 1989; Matic 
et aL 1995). The 'disrupted species barrier' and 'chromo- 
somal instability' (Petit et aL 1991) phenotypes seen in 
bacterial mismatch repair mutants are thought to result 
from a failure to prevent interactions between homeo- 
logous (closely related, but non-identical) DNA sequences. 
This process has been termed anti-recombination, although 



its molecular basis remains unclear. The existence of this 
activity has led to the proposal that the mismatch repair 
system is involved in controlling the fidelity of genetic 
exchanges. By permitting only crossovers between truly 
homologous sequences, such a process would suppress 
ectopic interactions between dispersed homeologous 
sequences and thereby avoid potentially lethal chromo- 
some rearrangements. Hence, the recognition of mis- 
matches in duplex DNA may play a role in maintaining 
the structural integrity of chromosomes. 

Many of the elements of the long-patch mismatch 
repair system that are believed to be involved in anti- 
recombination have been conserved throughout evolution. 
Multiple homologues of the bacterial genes MutS and 
MutL have been identified in organisms ranging from 
yeast to man. To date, six MutS said three MutL homologues 
have been identified in Saccharomyces cerevisiae 
(reviewed by Kolodner, 1995; Modrich and Lahue, 1996). 
PMSJ (Kramer et al.\ 1989) and MSH2 (Reenan and 
Kolodner, 1 992a;b) are yeast homologues of the bacterial 
mismatch repair" genes MutL and MutS, respectively. A 
t dramatic increase; in the frequency of the post-metotic 
segregation of genetic markers is observed in pmsl and 
mshZ mutants (Williamson et a/., 1985; Reenan and 
Kolodner, 1 992b):{This is indicative of unrepaired hetero- 
duplex, suggesting a role for these genes in the process 
of gene conversion, pms I: and msh2 mutants also have a •■ 
mutator phenoty pe si milar to that of bacterial mismatch 
repair mutants. This reflects a deficiency in repair of DNA - 
synthesis errors ahd spontaneous DNA lesions (Williamson 
et aL 1985; Reenan and Kolodner, 1992b). Both gene 
products . have also , been shown to form part of a ternary, 
complex that assembles in vitro at mismatched base pairs 
in duplex DNA (Prolla>/ <?/... 

Anti-recombiriation has profound implications for the 
process of meiosis. During meiotic prophase, the formation 
of a physical connection between homologues, in the form 
of a crossover, allows correct orientation on the meiosis 
I spindie. This ensures the faithful disjunction of chromo- 
somes to produce viable, haploid gametes (reviewed by 
Hawley, 1988). Mutations that reduce or abolish meiotic 
crossing-over cause low spore viability, presumably due 
to extensive chromosomal non-disjunction (reviewed by 
Roeder 1990). In yeast, as in bacteria, reduced chromo- 
somal identity (-10-30% DNA sequence divergence) acts 
as a barrier to recombination and dramatically reduces 
exchange between homologues during meiosis (Nilsson- 
Tillgren et aL 1981, 1986; Hawthorne and Philippsen, 
1994; S.R.Chambers, N.Hunterand R.H.Borts, in prepara- 
tion). Radman and co-workers have proposed that the 
repression of recombination between homeologous 
chromosomes during meiosis may lead to the reproductive 
isolation of populations in the form of sterility (Radman 
and Wagner, 1993; Matic et «/., 1995). 
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Mismatch repair and hybrid sterility 



To test this proposal, a hybrid of the bakers yeast 
S.cerevisiae and its sibling species Saccharomyces para- 
doxus has been utilized Saccharomyces paradoxus (also 
described as Saccharomyces douglasii: Herbert et a/., 
1988; Naumov and Naumova, 1990; Adjiri et a/., 1994; 
Hawthorne and Philippsen, 1994) is the closest relative 
of S.cerevisiae isolated to date. Electrophoretic karyo- 
typing and hybridization analysis reveal that the genomes 
of the two species are very similar in terms of chromosome 
number, size and the location of genes (Naumov et al % 
1992). The weak hybridization of many cloned S.cerevisiae 
genes with S. paradoxus chromosomes demonstrates that 
DNA divergence exists between the two species. From 
the limited DNA sequence data available, divergence has 
been estimated to be - 1 1% and -20% in coding and non- 
coding regions, respectively (Herbert ex aL, 1988; Adjiri 
et a/., 1994). A hybrid of S.cerevisiae and S.paradoxus 
therefore comprises genome-wide homeology, but appears 
to lack major structural differences in karyotype. The 
current work examines meiotic recombination and chromo- 
some disjunction in this hybrid and the effects of mutations 
in the mismatch repair genes PMSI and MSH2 on these 
processes. = 

Results 

Experimental rationale 

The model depicted in Figure I . predicts that meiosis in 
nuclei containing divergent parental genomes will be 
associated with both low frequencies of reciprocal 
exchange and high frequencies of chromosome non- 
disjunction. This will lead to low viability of the meiotic 
. products (reduced fertility). In the absence of mismatch. 

• recognition, crossovers will be permitted between homeo- 
logous chromosomes, disjunction will be improved and 

' a greater number of viable, euploid gametes will be 
produced. 

. The S.cerevisiae/S.paradoxus hybrid 

A wild-type, hpmothallic isolate of S.paradoxus, NI7 
(Naumov, 1987), has been engineered into a genetically 
tractable organism (see Materials and methods). Hybrids 
of N17 and ihe S.cerevisiae strain Y55 (McCusker and 
Haher, 1988) produce only 1* viable spores (Tables 1 
and II, strain NHD47). Many of these have abnormal cell 
and colony morphologies and are slow-growing, often 
producing only a micro-colony. This sterility has been 
noted in similar hybrids (Hawthorne and Philippsen. 1994) 
and forms the basis of the biological species definition of 
yeast taxonomy (Naumov, 1987). 

The low spore viability of the hybrid is expected to be 
associated with high rates of chromosome non-disjunction. 
To test this prediction, meiotic chromosome non-disjunc- 
tion was monitored by physical analysis of the karyotypes 
of random spores. Separation of the yeast chromosomes 
by Clamped Homogeneous Electric Field (CHEF) gel 
electrophoresis allows the assignment of disomy for the 
10 smallest Saccharomyces chromosomes (Figure 2). 
Chromosome V is always assumed to be monosomic 
because spores are selected on medium containing canava- 
nine, which demands the expression of the recessive drag 
resistant allele, can!. In the hybrid NHD47, the frequency 
of disomy is high for all nine of the chromosomes analysed 
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Meiosis 11 



Fir. 1. A model of the biological consequences of anri -recombination 
during meiosis. (A) Homologous chromosomes rccomhtne and w 
undergo crossing-over. The homologues become physically connect e»I 
by a chiasms and consequently orientate correctly on the meiosis I ; . 
spindle. Correct disjunction in the first division is. followed by an , ?• 
einialional division to produce four euploid spores. Spores b and c\ ' -v 
contain recombinant cruomosomev (B» The, mismatch repair protein*. ,; 
will prevent crossing-over between homeologotis rtwmosomes: ' . ; * 
Apposition of the centromeres is not ensured and the resultant 
univalents segregate randomly with respect to each other at meiosis I. 
If both univalents attach to the same spindle. rtcm^sj unction will , 
result. After meiosis III two disomic and two nullosomic spores will 
be produced. None of ; the chromosomes will be reounhinant. The 
nullosomic cells lack essential genetic information and are dead. The ■ ' 
disomic cells contain unbalanced genomes and may have reduced 
fitness. 

< Table III) with the exception of chromosome VI, which 
is always monosomic (see Discussion). Non-disjunction 
rates are up to 500-fold higher than that of a Scerevisiae 
intraspecific diploid. The meiosis I non-disjunction rates 
of chfomosaiites IV and Xi have been measured by a 
genetic analysis of random spores in a S*cejreyistae Y55 
strain at 1.4X 10" 4 and 5.0X KT* per meiosis, respectively 
(F.E.Pryde and E J.Louis, unpublished data). Chromosome 
II exhibited the highest rate of non-disjunction in the wild- 
type hybrid at 2.7X10* 1 per meiosis. The distribution of 
disomes, shown in Figure 3. closely fits that expected 
from an average nondisjunction rate of 12.2* for the 
nine chromosomes examined (see Materials and methods). 
If this calculation is extended to all 16 Saccharomyces 
chromosomes, we expect 12.5* of spores to have no 
disomes. 27.7* to have one. 22.9* two and 36.9* to 
have three or more disomes. 

The primary cause of chromosome non-disjunction in 
the interspecific yeast hybrid is proposed to be low 
frequencies of genetic exchange. To ascertain recombina- 
tion frequencies, random spores were monitored for 
recombination in four genetic intervals: HIS4-LEU2 and 
LEU2 MAT on chromosome III. TRPhADES on IV and 
CYH2-METIS on VII (Table !V). The frequencies cf 
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Table I. Strains used in this study 



Strain 



Genoiype 



Reference 



Y55 
NI7 

Y55-51S 

Y55-5I2 

NHPDI 

NHPD2 

NHD5U 

NHD53 

NI1D95 

NHD47 

NHI54S 

NHD94 



S.c. 
S.p. 
S.c. 
S.c. 

S.c. 

S.p. 

5./». 

S.c. 
ill 
S.c. 
S.c. 
S.c, 

S.p. 

S. P . 

s± 

Hp. 



::i.EU2 



HO wild-type 
HO wild-type 

Ieit2-I MATa hoAPst itruJ-nco ar\>4^L HIS* Spins I 
Ieu2-I MATa hoAPst unt3-l tin*-! I histo-l Spin* I 

h'ttl-j MATa ho~ochn' uraSwo ttrt>4d HjSfi - mshl 

Ieu2-I MATa ho-mitre tint J- 1 arjt4-l hisfi-l msh2::LEU2 
MATa hoAPst CAN I urn J- 1 LYS5 cvh2-l mnslA::URAS 
MATa hoAPst can!-/ uraS~l Iys5l CYH2 pmslA::URAJ 
MATa hoAPst CAN! uraJt-l LYS5 <v/l?-/ msh2::URAS 
MATa hoAPst vanl-l uruJI /va5-/ CYH2 insh2::VRAJ 
hi\4-RI lcu2A MATa hnAPst uolhsnMi tuh-S-l /.'•■/ CYH2 
H1S4 LEU2 MATa hoAPst TRPI APES MET I J cyh2l 
his4-R! tcu2A MATa hoAPst tml-hsuM tttU'X-1 metlJ-4 CYH2 
UIS4 LEV2 MATa hoAPst TRPI APES METIS i-.v/O-/ 
hi\4-RI leti2A MATa hoAPst trnhhsuSh tuitft-1 met IS 4 CYH2 
HIS4 LEU2 MATa hoAPst TRPI ADEN MET I J cyh2- I 
his4-RI leu2A MATa hoAPst imlhsti.te atlcK-l tnvtlS-4 C YH2 
HIS4 LEU2 MATa hoAPst TRPI APES MET 1 S cxh2-l 
his4-RI U>u2S MATa hoAPst trpl4>snM-tulvS-t nwtlS-4 CYH2 
HIS4 LEU2 MATa hoAPst TRPI APES METIS .y/i.M 
Iiis4-Rl ' it'itlA MATa hoAPsi in* 1 -m io W hiA'A'-V ■mct-tt-4' CYfi? 
' HIS4 



ami tmtJ'iutt 
CASl nniS-mo 
t an I aniJ-nco pmslA::t'RAS 



CAM 
caul 



ttruSnco 
nraS-nco 



pm.stA::URA.< 
msh2::URAS 



CASl 
can I 



uniS-nco imh2::l'RA.i 
tmtS-nco 



CAM 
can I 



CAM 



tuaS-l 

tin iS-itco ptn>IA:;URAS 



uraS-i 

.urn f-my i 



pm.slA::URAS 
mshl-URAS 



McCuskcr I 1988) 
Naumov tlfWIl) 
this study 

this. study , 

. ihis study 

this study 

this study 

this study 

this study 

this study 

this study 

this studv 



~LEV2 MATa hoAPst TRPI 



rWEK METIS cyh2-l CAM nraS-l tnsh2::URAS 



Abbreviations: S.r.. Succham.nyces cevvisiac: S.p.. Sacchaminyccs panulo.xuo. All .SV. and S.p. strains are isogenic to the wild-type isolates. Y55 
and NI7. respectively. Strains were constructed as described in Methods and nvtenalv 



recombination are reduced 10.8- to 73.3-fold relative to 
the intraspecific control S.cerevisiae diploid (NHD50). ( 
tiiese frequencies should be considered minimal estimates • 
because segregants that are recombinant and disomic for . 
the chromosome assayed, will always be scored as being 
non-recombinant. However, it is expected that chromo- 
somes that have undergone reciprocal exchange will disjoin 
correctly. The TRPI to ADEH - interval * demonstrates a ■ 
profound reduction in map distance. This large genetic : 
interval is 270 cM in S.cerevisiae (Mortimer et iiL. 1992). 
In the hybrid the markers are tightly linked; with a map ; 
distance of -2 cM. 

Mismatch repair-deficient hybrids 

To examine the effect of the mismatch repair system on 
meiosis in S.cerevisiaefS.paradoxus hybrids, we disrupted 
the PMSI and MSH2 genes in haploids of both species to 
produce the hybrid diploids NHD45 arid NHD94. 

Spore viability is significantly improved in the pms! 
and msh2 hybrids, by 6.1- and 8.7-fold respectively (Table 
II). Moreover, the accumulation of haplo-lethal mutations 
due to the mutator phenotypes of pmsl\ or msh2 produce 
21^ and 159c spore death in intraspecific diploids (Table 
II, strains Y55-5I8, NHPDI, Y55-5I2 and NHPD2). 
Therefore, correcting for the death induced by mutation, 
the viability of the hybrids can be estimated to be 7.4- 
and 10.0-fold greater than that of the wild-type hybrid. 
The difference between the viability of the pms I and mshl 
hybrids is also significant. Additionally, it was noted that 
viable spores from msh2 hybrids are less abnormal in 
colony morphology and are faster-growing, forming fewer 
micro-colonies. This may be a direct phenotypic manifesta- 
tion of lower levels of aneuploidy. 

Reduced aneuploidy in mismatch repair mutants 

The improvement in spore viability in the mismatch repair- 
deficient hybrids is concomitant with significant reductions 



Table II. Spore viabilities tit intraspecilk and hybrid yeast diploids^ 



Strain 


Genoiype 


Y55 


.S.r! wl.' 


Y55-M8 


.V.i*. nmsl 


Y55-5I2 


S.c:msh2 


NI7 


S.p. wt 


NHPDI 


■ • S.p. pins 1 


NHPD2 


S.p. msh2 


NHD47 


hybrid wt 


NHD45 


hybrid pmsl 


NHD94 


hybrid mslC 



Percentage sptire^ 
.viability 



M7.X (K4I/KWI) 
SI1.5 tb79/K44l 
. 84.0 l77fc/y24> 
97.(M194/2(M)| 

71.3 < 1 17/Ifr4| 

80.4 (193/24*11 
• 1. 2 no/852 1 
'7.2 163/8801 ■ 



10.2 (147/1440) ;: 



Diploids were sporulaletl and tetrad ascospores dissected. To reduce 
the spore death caused by the mutator phenotypes pmsl and tn\h2. 
vegetative growth lis a UiploitI was minimized. HaplolU 'strains Ivere 
mated lor only 6 h at 30°C, and the diploids were ht»i selected prior to 
^fMl^ulation. All strains were treated in this way. The spore viability of 
all three hybrids is signilicantly dilierent Irom all intraspecitic diploids 
as determined by a standard normal test ( P< «MM) 1 1. The pm\ / and 
in.sh2 hybrid \iabilities arc dilierent from the wild-type hybrid 
\P<i)M\ and><<0.001. respectively i. and the msh2 hybrid \s\ 
dilierent from the pmsl hybrid I P<0.0 1 >.■■■■ ■ - : . 

in disomy. In both mutant hybrids, there is an improvement 
in the disjunction of all the chromosomes analysed (Table 
III). In the pmsl hybrid, the total frequency of disomes is 
reduced 1.8-fold over the wild-type hybrid. The improve- 
ment in disjunction is even greater in the msh2 hybrid, 
with a further 1.8-fold reduction in total disomes. This 
indicates a significant disparity between the pmsl and 
msh2 mutants with respect to chromosome disjunction. In 
addition, the distribution of disomes among the three 
hybrid diploids is significantly different (Figure 3). In the 
wild-type hybrid, only 327r of spores are not disomic for 
any of the nine chromosomes analysed and nearly I2# 
contain three or more disomes. By comparison, 70# of 
the spores from the m.v/i2 hybrid have zero detectable 
disomes and no spores contain more than two disomes. 
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Recombination is increased in pm$1 and msh2 
hybrids 

Genetic analysis of random spores from (he pmsl mutant 
hybrid reveals a 2.3- to 10.0-fold increase in recombinants 
for the four intervals monitored. As might be expected 
from the disjunction data, the effect of the «i.v/i2 disruption 
is greater, producing a 6.0- to 16.5-fold increase in 
recombinant frequency. Again, these results reflect a 
significant difference between the two mutant hybrids! No 
change in recombinant frequency is observed in the pmsl 



t g 
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Fifc. 2. Chromosome disomy in hybrid segreg.iniv CHE) : £el 
electrophoresis- separates the 1ft Sort hit mmyrrv chromosomes into 
13-14 hands. The electrophoretic karyotypes ot parental haphnJs Y5? 
ami VI 7 and si\ random \eerci:ants ol ihe wild-type hybrid. NHD4"? 
are shown. There are three obvious si/e polymorphisms between the 
two yeas! species: at chromosomes !; Vlii and I lj Disomy tor the 10 
smallest chromosomes is assigned by the pre se nee -ol" a dounh intense 
band or two bands tor the polymorphic chnirnosunics. DiMimic 
chromosomes are as tollows: lane .1. chromosome I disome: lane 2. 
chromosome 111 dtsome: lane 3. chromosome l\. and, \ disomes; lane 
4. chromosome VIII disome: lane. 5. chromosome XI V arid II d isomer 
lane K chromosome II disome.. 



and msh2, intraspecific S.cerevisiae diploids (NHD53 and 
NHD95». demonstrating thai the observed effects are 
specific to the hybrids. The improved spore viability of 
the mshl hybrid permitted limited 'tetrad analysis' to be 
performed. Out of 53 tetrads with one or more viable 
spores. 3.97c had a recombinavon c*ent in the H1S4- 
LEU2 interval; 19.6% between LEU2 and MAT 41.2** in 
the TRPhADES interval and 3.8% between CYH2 and 
MET] 3. These frequencies are not statistically different 
from those obtained in the analysis of random spores. In 
addition, bona fide reciprocal events in three of the four 
intervals analysed (LEU2-MAL TRP1-ADEH and CYH2- 
MET13) were represented in the tetrads with two or more 
viable spores. 

Discussion 

The meiotic behaviour of an interspecific yeast 
hybrid satisfies the predictions of the 
anti-recombination model 

In the hybrid between S.cerevisiae and S.paradoxus the 
frequencies of meiotic recombinants arc reduced to 
between 1.3 and 8.7% of intraspecies frequencies over 
four genetic intervals that vary from I I to 270 cM. The 
reduction is greatest over the largest region. ; IRP1 Jlq 
ADEH. The map distance is'ieduced^l'iS-foid^^redic^ing' 
that a crossover in this interval will occur ■ jn^A&W'- 
meioses. The reduction in recombinants is small ^wtienv 
compared with bacterial interspecific crosses, kepoipbiiia^ 
tion during conjugational crosses between £.co//; and 
S.nphimurim is reduced by up to five orders of ^agnitudjp.- 
compared with the equivalent -in^^ific j: crosses , 
(Rayssiguier et a/., 1989). However. Hfr recombination* 
involves the replacement of a cpminuous; 'blotK^oruHej. 
recipient genome, a process re^uiring^ 
overs. Therefore, the frequency ©^recovery of Conjuga- 
tional recombinants will be the probability of completing 
two independent crossovers. Thus; a 300- fold ' reduction 
per crossover is equivalent to live orders of magnitude 
eduction in recombination. Our results are consistent, with 
those of Shen and Huang (1986). who observe a 25- 
to 300-fold 'decrease in recombination - with -substrate- 
homologies of 90-65% . The phage-piasmid recombination 
assay utilized in this study requires only one reciprocal 
exchange for the recovery of recombinants This. is more 
analogous to meiotic crossing-over than a system based 
on conjugational recombination. 
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Kandom sciircttinis "ere karxo^ped *h" Hllir eel elect.ophorcMs. The lotal numbers di^mes are MamticaniU d.Iterem hereon u!l three data 
sets as defined bv a standard normal lest (/*■ tl.OI lo P tUMU and the mdmdual data sets ;„e ditlerenl h> a nonpaumelrw ic^i «r-.iM»- . 
/>UHH t. The data wis tor chromosomes Mil arui 11 are ditterent between MIIW" and NHI*- «P-*U»i and P<0.o5. rcsxvmch » < hr.Mihwwe* 
1, l\. V||. X and II data sets are Jiftcn.nl het«een MIIWi and NHIW4 0.05 to O iM! t The trequen,) 
are sieninVantK ditierent between NHD45 and i/' .o<H» 
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The low recombination rales in the hybrid confer a 
several hundred-fold increase in the frequency of non- 
disjunction. This should be considered to be a minimum 
estimate because viable random spores may be under- 
represented for aneuploidy. Particular combinations of 
disomes are either lethal or produce slow-growing colonies 
(Parry and Cox, 1970). In this study chromosome VI was 
never found to be disomic in over 300 CHEF karyotypes. 
This could be because VI disomy is lethal. While this is 
not the case for intraspecific S.cerevisiae diploids, in 

80-, 
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y v □ Hybrid wi' 

■ Hybrid pmsl 

H Hybrid mih2 

Fig. 3; Distribution of disomes in hybrid segregants. These data 
represent the same sample of random spores analysed in Table III. No 
more than four of the nine chromosomes analysed were disomic in any 
one cell' The observed distributions closely fit that expected from the 
average rales of disomy per chromosome, calculated from Table III 
(see Data analysis). The distributions for each strain are different, as 
determined by a G-tcst |/ , <<(UK)5» 



which VI disomy is tolerated, it is possible the S.cerevisiae 
and S.paradoxus chromosomes are incompatible. Alterna- 
tively, it is possible that chromosome VI always disjoins 
correctly. 

The mismatch repair proteins Pmsl and Msh2 
reduce meiotic homeologous recombination 

The pmsl mutation restores meiotic recombination in the 
hybrid to between 9 and 27% of intraspecies frequencies. 
In w?j/i2 hybrids, the frequency of recombinants is 20- 
69% of the homologous controls. The increase in TRPI- 
ADE8 map distance in the msh2 hybrid predicts that a 
crossover will occur in nearly 50% of meioses. However, 
this is still a low frequency when compared with the 
intraspecies S.cerevisiae interval, which has about five 
crossovers per meiosis. Recombinants are observed in 
spores from tetrad dissection at frequencies equivalent to 
those from random spore analysis. It is important to note 
that both products of reciprocal exchange events are 
recovered in the tetrads with two or more viable spores 
from this analysis. Tnis indicates thai most random spore 
recombinants represent true crossover products. The pmsl 
and msh2 Y55 intraspecific, control diploids have no 
increase in the frequency, of meiotic recombination. These 
Lontrols rule out the possibility that the increase in 
recombinants in the mutant hybrids is due to a general 
hyper-recombination phenotype or to marker reversion. 
We conclude that the mismatch repair system actively 
inhibits meiotic exchange between highly divergent 
chromosomes.. 

The observation that recombination is never fully 
restored in mismatch repair-deficient hybrids could be due 
to several factors. Other mismatch repair proteins that 
inhibit homeologous recombination may still be active in 
these mutants. Also, the degree, of initiation of meiotic 
recombination may be reduced between homeologous 
chromosomes. This 'trans effect' of heterozygosity has. 
been observed at two loci in S.cerevisiae (Xu and Kleckner, 
1995: V. Roc co and A.Nicholas, personal communication). 
Also, some regions of the chromosomes may be so 



Table IV. Meiotic recombination * 



Strain 


Percentage recombinants 








HIS4LEU2 


LEU2MAT 


THPhAOES 


CYH2-METU 


NHD50 


18.33 


21.67 


46.39 


1 1 94 


tS.c. wt> 


(66/360) 


< 78/360) 


(167/400) 


143/360) 


NHD53 


17.22 


24.72 


49.44 


11.94 


iS.c. pmsh 


(62/360) 


(89/3601 


(178/360) 


(43/360) 


NHD95 


23.8 


22.78 


47.5 


9.17 


lS.r. m\h2) 


(86/360) 


(82/360) 


(171/360) 


(33/360) 


NHD47 


0.25 




2 


0.25 


(hybrid wi) 


M/400) 


18/400) 


(K/4001 


(1/400) 


NHD45 


1.75 


4.5 


13 


2.5 


(hybrid pmsh 


(7/400) 


(18/400) 


(52/400) 


(10/400) 


NHD94 


4 


12 


33 


3.5 


(hybrid msh2t 


1 16/400) 


(48/400) 


1132/400) 


(14/400) 



Random spores were analysed for recombination in the tour intervals shown. Map distant in cM is rquivalent to the frequency of recombinants. 
None of the intervals in the control diploids. NHD50. 53 and 95 are statistically different by standard normal tests. Therefore, a pool of these data 
sets was used for comparison to data from the hybrid diploids. All intervals in the three hybrid diploids are significantly different from the 
intraspecific controls (P<<0.00l). The recombinant frequencies in alt four intervals in the pmsl hybrid are statistically different from those in the 
wild-type hybrid (A*<0.05 to P<<0.(M)| ). Likewise all intervals are different between mv/i2 and wild-type hybrids (P«UK)I to P<<0.00l ). 
Additionally, the LEU2MAT and TRPI-ADEH data sets are different between pmsl and msh2 hybrids (P<<0.00l \ and the HIS4-LELJ2 data is 
suggestive of a difference iP- 0.056). The total number of recombinant is also significantly different between the three hybrids (/*< -'0.001 >. 
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diverged that homology is no longer recognized at the 
strand exchange stage of recombination (see also below). 

Crossovers ensure disjunction 

The correlation between greater crossing-over and 
decreased aneuploidy indicates that many of the crossovers 
restored in the mutant hybrids can form functional chias- 
mata (a cytological manifestation of crossing-over) and 
thereby ensure disjunction. From a comparison with S.cere- ~ 
visiae recombination-deficient mutants, we propose that 
the deficiency of recombination is the major reason for 
non-disjunction in the hybrid. For example, the medi 
mutation (Rockmill and Roeder, 1994), an allele of the 
DMC1 gene (Bishop et aL 1992; Rockmill et aL, 1995), 
has a 2-fold decrease in meiotic crossovers, 4.3% chromo- 
some III and 6.6% chromosome VIII disomes and 20% 
spore viability. This is similar to the msh2 hybrid, which 
displays a -3-fold decrease in exchange, 6% chromosome 
HI and 3% chromosome VIII disomes and 10% spore 
viability. 

It must also be considered that the reduced fidelity of 
recombination in mismatch repair-deficient hybrids may 
increase the frequency of crossovers between related, 
ectopic loci. Ectopic crossovers are known to interfere 
with homologue disjunction (Lichten et aL, 1987) and are 
likely to produce lethal, unbalanced translocations. One ; 
such translocation, giving rise to a unique-sized chromo- ; 
somal species has been observed in a segregant from the 
mshl hybrid (not shown). 

Spore viabUity is improved in pmsl and msh2 
hybrids 

The increased spore viability in pmsl and mshl hybrid 
, diploids appears to be a direct consequence of improved 
chromosome disjunction, which in turn is the result of 
increased frequencies of meiotic recombination. The spore 
viability of the hybrids js lower than expected from the 
patterns of disomy observed. The average frequency of v 
disomes in random spores from the mshl hybrid is 3.7% 
per chromosome. The observed frequency of 70% spores 'I 
with no disomes, for the nine chromosomes examined. ■ 
"closely 'fits the expected frequency. If. this rate of disomy T 
is assumed for all 16 Saccharomxces chromosomes, the 
expected number of spores with no disomes is 55%. 
Therefore, the minimum expected spore viability for the 
mshl hybrid is 559c. The fact that spore viability is not 
restored to this level indicates that other factors probably 
contribute to the meiotic sterility of the S.cerevisiae/ 
S.paradoxtts hybrid. The observation that some S.para- 
do.xus chromosomes are haplo-insufficienl in an otherwise 
S.cerevisiae genetic background (S.R.Chambers, N.Hunter 
and R.H.Borts, unpublished observations) suggests that 
chromosomal rearrangements or incompatibilities may 
be present, and could contribute significantly to spore 
in viability. In summary, an active mismatch repair system 
reduces meiotic exchange between divergent chromo- 
somes, increases their rate of non-disjunction and reduces 
spore viability. 

Processing of mismatched recombination 
intermediates 

How the mismatch repair system processes mismatched 
recombination intermediates at ihe molecular level is not 



clear. Several models have been proposed. The 'killer 
mechanism* causes the destruction of intermediates 
(Doutriaux et aL 1986) and could potentially lead to 
chromosomal loss. Mismatch-repair-induced recombina- 
tion may lead to chromosomal rearrangement or loss 
(Borts and Haber, 1987; Borts et oL, J WO). Finally, the 
anti-recombination model (Radman, 1989) and the similar 
'heteroduplex rejection* model ( Alani et aL, 1994) propose 
that intermediates are aborted via disassembly, or resolu- 
tion without exchange. From the data presented in this 
study, none of these possibilities can be excluded. How- 
ever, increases in non-disjunction are not necessarily 
predicted by the first two models. Therefore, the data 
presented here are most consistent with an anti-recombina- 
tion mechanism. 

Two observations suggest that recombination inter- 
mediates between homeologous sequences are disrupted at 
an early stage, prior to the formation of stable heteroduplex 
junctions. First, individual components of the bacterial 
mismatch repair system can block in vitro homeologous 
strand exchange catalysed by the ELcoii RecA protein 
(Worth et aL. 1994). Second, double Holliday junction 
recombination intermediates that have been detected 
during meiotic prophase I, in S.cerevisiae (Collins and 
Newlon, 1994: Schwacha and Kleckner,i994. 1995) were 
not observed to form between homeologous chromosomes 
(Collins and Newlon, 1994). 

Mutations in the mismatch repair genes MSH2 and 
MSH3 (New et aL . 1993) have been shown to increase the 
frequency of mitotic homeologous recombination between 
substrates with 73% identity in Sxerevisiae (Selva et dV. 
1995). Mutation of PMS1 had no significant effect on 
recombination, as observed by other workers utilizing 
mitotic recombination assays with similarly diverged sub? 
strate DNA (~80% identity) (Bailis and Rothstein. 1990: 
Resnick ir aL: 1992). In another mitotic study, a 10-fold 
effect of pmsl was observed with 92% identical substrates 
(Datta ei aL. 1996). In the data presented here, pmsl 
produces tip to a 1 6-fold enrichment in meiotic recombin- 
ants. The effect of msh2 is significantly greater, not only 
in, terms of recombination, but . also for disomy . and . 
spore viability. This observation and data to be presented 
elsewhere (N.Hunter and R.H.Borts: : S,R r Chambers. 
N.Hunter and R.H.Borts. in preparation) lead us to suggest 
that the method of processing recombination intermediates 
depends upon the degree of divergence between the 
participating molecules. At relatively high levels of diverg- 
ence ( 10-30%) MSH2 appears to have a greater role than 
PMSJ in preventing homeologous recombination. 

From the known biochemical properties of the E.coli 
MutS and Sxerevisiae Msh2 proteins (reviewed in 
Modrich and Lahue. 19%). it is assumed that DNA 
divergence will be recognized when mismatches form in 
heteroduplex DNA. A number of features of meiotic 
homeologous recombination follow from this assumption. 
The fact that moderate frequencies of recombination are 
observed in pmsl and mshl hybrids suggests that the 
induction of meiotic recombination is still high. Also, 
consistent with the in ritrv properties of ELcoli RecA 
protein (DasGupta and Radding. 1982), high densities of 
mismatches are not normally inhibitory to strand exchange 
per se in yeast. However, very high divergence (>30% 
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mismatches) may act as a structural barrier to strand 
exchange. 

A role for the mismatch repair system in 
speciation 

We suggest that the mismatch repair system plays a role 
in the evolution and speciation of eukaryotic organisms. 
The extent to which mismatch repair contributes to the 
process of speciation can on-y be speculated upon. The 
effects reported in this study are likely to occur when two 
previously isolated populations meet in a hybrid zone. 
The mismatch repair system can therefore be thought to 
reinforce the isolation of the two populations. The reduced 
recombination, and hence gene flow, between diverging 
chromosomes will cause them to become increasingly 
isolated genetic units. This hypothesis is supported by 
observations made with trisomies and hexaploid nuclei 
containing both homologous and homeologous chromo- 
some pairs, in which homologues preferentially recombine 
and segregate from each other (Nilsson-Tillgren et al, 
J 981. 1986: Williams et aL 1993: S.R,Chambers. 
N.Hunter and R.H.Borts, unpublished observations). A 
role for mismatch repair during the, incipient stages of 
speciation can also be envisaged. Low levels of heterology 
may lead to chromosomal rearrangement between repeated 
sequences, via a mismatch repair-induced recombination 
mechanism (Borts and Haber, 1987; Ports et til, 1990). 
As the divergence between two populations increases, 
the degree of anti-recombination and chromosome non- . 
disjunction will become ever greater and fertility will be , 
reduced. This process could contribute significantly to the , 
establishment of post-zygotic species barriers. 

Materials and methods '•; 

Strains 

All S.t ere vi sine and ^.paradoxus strains used in this study are isogenic 
derivatives of Y55 and NI7 respectively^ Genotypes are described in 
Table I. The ho-ochre mutation was isolated by V V-mutagenesis ( E.Louis. ■ J 
unpublished data) but was found to have a slightly leaky phenotype. ; . 
Subsequently, heierothallic strains were obtained by deleting a 100 bp C 
Pst\ fragment of the coding sequence of the HO gene. The A/wi.W 
mutation is a 2.6 kb deletion of the ~PMS /"coding sequence (Kramer r- - 
et at. . 1 989 ). Both hoAPst and Apmsl were cloned into a URA J selectable, 
integrative vector and introduced via two-step gene: replacement. The ' : 
puis I URA .? mutation is a URAS replacement of 2.6 kb of the PMSf , ;;■ 
coding sequence (Lichten et at.. 1990). msti2::LEU2 is an insertion of 
LEU2 at a SnaBI site of the wild-type gene in plasmid pII-2 (Reenan 
and Kolodner. 1992b). Both were introduced by one-step gene transplace- 
ment. Itis-f-Rt. trpl-bsu36 and ttraJ-nco are restriction site fill-in 
mutations. tetiA is a deletion of most of the LEU2 coding region. All 
three mutations were introduced by two-step gene replacement. Other 
auxotrophic and drug resistance markers' were spontaneous or UV- 
induced (McCusker and Haber. 1988). All transformations were verified 
by Southern blot analysis ( Southern. 1975: Sambrook et at.. 1989) 
using the digoxigenin. non-radioactive system as recommended by the 
manufacturer (Boehringer Mannheim). 

Genetic procedures 

Yeast manipulations and media were carried out as described by Rose 
et ui i 1990). Strains were grown at 30°C on YPD and synthetic complete 
media lacking one or more amino acids. Spoliation was performed at 
room temperature on KAc plates containing 2 r k potassium acetate. 
0.22 1 * yeast extract. 0.05* glucose. 2.5<£ agar and 0.09** complete 
amino acid mixture. Dissected tetrads were grown for 3-7 days at 30°C 
Germination was scored microscopically after 3 days. Only spores that 
formed micro-colonies were scored as being viable. Random spores 
were prepared as described (Lichten et at.. 1987) and grown on synthetic 
complete medium lacking arginine and containing cycloheximide 



(10 mg/1) and canavanine (40 mg/1) for 3-6 days at 30°C. One- and 
twi»-step gene replacements were performed as described (Rose et aL 
1990). Yeast transformation was carried out using a modification of the 
lithium acetate method (Gietz. 1992). 

Karyotyping of segreyants 

Random spore segregants were k»*~yotyped as described (Naumov et «/.. 
1992). Disomy was assigned via band intensity or the presence of two 
bands for co-migrating and polymorphic chromosomes, respectively. 

Data analysis 

Data sets were analysed using the standard normal, non-parametric sign 
and C-tests as described (Sokal and Rohlf. 1969). The G-test is an 
equivalent to the X" contingency test. Values of P<(),05 were considered 
significant. Expected distributions of dr somes were calculated using the 
average disomy frequencies in a binomial expansion involving 9 or 16 
chromosomes. 
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